Chronic myelomonocytic leukemia (CMML) is a hematologic malignancy nearly confined to the elderly. Previous studies to determine incidence and prognostic significance of somatic mutations in CMML have relied on candidate gene sequencing, although an unbiased mutational search has not been conducted. As many of the genes commonly mutated in CMML were recently associated with age-related clonal hematopoiesis (ARCH) and aged hematopoiesis is characterized by a myelomonocytic differentiation bias, we hypothesized that CMML and aged hematopoiesis may be closely related. We initially established the somatic mutation landscape of CMML by whole exome sequencing followed by gene-targeted validation. Genes mutated in ⩾ 10% of patients were SRSF2, TET2, ASXL1, RUNX1, SETBP1, KRAS, EZH2, CBL and NRAS, as well as the novel CMML genes FAT4, ARIH1, DNAH2 and CSMD1. Most CMML patients (71%) had mutations in ⩾ 2 ARCH genes and 52% had ⩾ 7 mutations overall. Higher mutation burden was associated with shorter survival. Age-adjusted population incidence and reported ARCH mutation rates are consistent with a model in which clinical CMML ensues when a sufficient number of stochastically acquired age-related mutations has accumulated, suggesting that CMML represents the leukemic conversion of the myelomonocytic-lineage-biased aged hematopoietic system.
INTRODUCTION
Chronic myelomonocytic leukemia (CMML) is a myeloproliferative neoplasm that combines proliferative with dysplastic features and has a poor prognosis. 1 Although the frequency of many hematologic malignancies increases with age, the bias toward older age is particularly striking in CMML, which is extremely rare in individuals below the age of 50 years, with a very steep rise in incidence in patients over 70 years. 2, 3 Previous studies have identified a set of recurrent somatic CMML mutations, some of which are associated with prognosis (Supplementary Table S1 ). [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] The emerging picture is complex, but likely to be incomplete, owing to the fact that previous work has focused on genes with a known myeloid leukemia or myelodysplastic syndrome association, although an unbiased screen has not been reported. Several recent studies have described low-level somatic mutations in blood samples from hematologically normal healthy individuals, a phenomenon termed age-related clonal hematopoiesis (ARCH). [16] [17] [18] [19] Some of the ARCH mutations involve genes with a high mutation prevalence in CMML, such as TET2 and ASXL1. 5, 14 Given the steep increase of CMML incidence with age and the observation that a myelomonocytic differentiation bias characterizes aged hematopoiesis, 20 we decided to investigate the relationship between CMML and ARCH from an epidemiological and genetic perspective. To this end, we first established the somatic mutation spectrum of CMML, using an unbiased whole exome sequencing (WES) screen to identify candidate CMML genes, followed by targeted sequencing of a larger validation cohort to determine frequency. CMML mutation rates and spectrum match remarkably well with age-specific CMML population incidence and reported ARCH mutations, suggesting CMML arises through acquisition of successive mutations that eventually convert a myelomonocytic bias into overt leukemia.
MATERIALS AND METHODS

Patients/controls
Patients with a diagnosis of CMML according to the 2008 World Health Organization criteria were recruited at the Huntsman Cancer Institute (University of Utah), Knight Cancer Institute (Oregon Health and Science University) or Stanford University Cancer Institute after consenting to local Institutional Review Board (IRB)-approved protocols. Chart review was performed to confirm the diagnosis of CMML. Controls included 28 samples from younger individuals (age o45 years). ) and T cells (CD3 + , constitutional control) were fluorescenceactivated cell sorted from fresh or cryopreserved blood, or bone marrow mononuclear cells (MNCs), to 490% purity. In some cases, CD3 + cells were expanded from frozen MNCs to generate sufficient DNA for WES, as described. 21, 22 In one case, a skin biopsy was used. DNA quality before sequencing was evaluated using a 2200 Tapestation (Agilent Technologies, Inc., Santa Clara, CA, USA). For the validation cohort (N = 69 patients different from the discovery cohort), CD14 + cells, MNC or the paraffinembedded clot section of bone marrow biopsies were used. DNA was extracted from CD3 + and CD14 + cells or MNCs using DNeasy Blood & Tissue kit (Qiagen, Germantown, MD, USA) and from clot sections (N = 35) using RecoverAll Total Nucleic Acid Isolation kit (Ambion, Foster City, CA, USA). DNA concentration was measured with Qubit dsDNA HS Assay (Invitrogen, Carlsbad, CA, USA). Total white blood cells or paraffinembedded clot sections of morphologically normal bone marrow biopsies from controls was processed in the same way. For analysis of candidate gene mRNA expression, CD34 + and CD14 + cells were fluorescenceactivated cell sorted using CD34-PE and CD14-FITC antibodies (Miltenyi Biotec, Bergisch Gladbach, Germany) from fresh or cryopreserved MNC of an additional cohort of 12 CMML patients.
Samples/purification of cells
Discovery cohort samples enrichment/sequencing/analysis Discovery cohort samples consisting of paired tumor-constitutional DNA were subjected to WES. Exome enrichment from DNA was performed with TruSeq (Illumina, San Diego, CA, USA) with subsequent WES performed on an Illumina HiSeq 2000 sequencer, and multiplexing at four samples per lane. Fastq files were aligned to hg19 by Novoalign (http://novocraft.com), with default settings to create initial bam files followed by standard GATK pipeline procedures. 23 The VarScan 2 program 24 was used for variant calling on mpileup files created by SAMtools 25 and variants were annotated using ANNOVAR, 26 OMIM and additional publicly available databases with internal coding. A threshold of 20% variant allele frequency (VAF) in the tumor sample was required for somatic single nucleotide variant (SNV)/indel calls with corresponding VAF in normal samples being o3% if 420 reads. Likelihood of resulting amino acid substitutions to be deleterious was also assessed by using the deleterious matrix of the VAAST program, 27 to assess the prevalence of the given mutation in the 1000 genomes (http://www.1000genomes.org/) to the presence in the HGMD database (http://www.hgmd.org/). These values correspond to a likelihood ratio of such prevalence, giving an empirical indication that such changes could be associated with disease.
Gene selection for validation cohort
Genes with a high likelihood of yielding false-positive mutation calls were eliminated from further investigation, based on reports by others 28 and our previous experience with sequencing of such genes. Many of these genes contain highly repetitive or variable elements that make accurate mapping difficult, including the Mucin and human leukocyte antigen gene families. Filtering: synonymous mutations, SNVs listed in 1000 Genomes (as annotated by ANNOVAR) and variants/indels not occurring in exonic or splicing regions were excluded. The actual number of variant reads in both the tumor and normal sample was also used in filtering probable sequencing/mapping artifacts. Any variant also found present in the constitutional DNA sample could have no more than 1 read if normal variant frequency o5%, 2 reads if normal variant frequency o3%, and 3+ reads if normal variant frequency o 1%. Recurrence: we hypothesized that somatic variants found to occur in multiple samples would have a greater likelihood of being disease associated. Hence, we assessed recurrence of genes with nonsynonymous variants/frameshift indels in multiple samples. We also assessed recurrence of hotspot mutations (such as occurs for SRSF2). Controls were used to eliminate potential false-positives due to sequencing/alignment artifacts in this analysis. Prioritization: in order to prioritize genes for further assessment, candidates were grouped into four priority groups for selection. Priority Group 1: genes with recurrence, that is, a filtered SNV/indel in the same gene in ⩾ 2 of 21 samples. Priority Group 2: genes with a filtered SNV/indel in only one single CMML patient, yet with the SNV/gene meeting 2 or more of the following criteria: (i) presence in COSMIC database; 29 (ii) VAAST LRT score ⩾ 2; (iii) presence in OMIM database; (iv) somatic P-value o10 − 5 . Priority Group 3: genes meeting only a single priority group 2 criterion, but with prior cancer or CMML association, or suggestive biology. Priority Group 4: genes without SNV/indels, but reported association with myeloid malignancies.
Validation cohort samples enrichment/sequencing/analysis For validation cohort and younger control samples, targeted exonic sequencing of the selected genes was performed on enriched DNA using the HaloPlex system (Agilent Technologies, Inc.) with probes designed in SureDesign (Agilent Technologies, Inc.), to achieve a median capture of 499% of targeted exons. Orthogonal validation (re-assessment of mutations from original DNA using an alternative enrichment followed by sequencing) was performed on a random selection of CMML samples having sufficient remaining original DNA using the SureSelect XT2 (Agilent Technologies, Inc.) custom enrichment kit (design identical to Haloplex experiments). DNA from both alternative enrichment methods were sequenced independently on a HiSeq 2000, each multiplexed with the aim of achieving 4300× coverage. Sequence alignment and variant calling/annotation were performed as in the discovery cohort, with the exception of duplicate reads being left in analyses of data coming from HaloPlex primers. This was necessary, as only a maximum of six unique targets are created to cover each base with that platform. All CMML variant calls were required to be detected at a threshold of 10% and with 20+ total reads in Haloplex and confirmation with identical thresholds by SureSelect. In addition, all variants were required to be present in the design region submitted for targeted sequencing. Detection of any variant reported at 40.1% population frequency in any of 1000 genomes, NHLBI Exome Sequencing Project (ESP6500 (all) http://evs.gs.washington.edu/EVS/) or the UCSC database (http://genome.ucsc.edu) when the allele count was available and reported to be ⩾ 400 was excluded from all analyses.
Fidelity of enrichment/sequencing/Sanger validation Enrichment or sequencing failure is a potential risk that can result in inaccurate prevalence estimates of mutations observed. To detect such, we assessed the frequency of wild-type calls at 25 rare SNPs in the exonic targeted regions that have o 5% population frequency in several ethnic cohorts. Determination of samples which performed well from those with many no-calls due to no or low coverage at these SNPs was clear from the data (Supplementary Figure S1 ). All samples considered passing had at least 44/50 reference alleles called. Fifty-two of the mutations called orthogonally present in CMML samples by both Haloplex and SureSelect XT2 enrichment were randomly selected and DNA sent for external validation (Genewiz, South Plainfield, NJ, USA). All mutations (100%) were confirmed.
Comparison of CMML and control variants
Young controls were used to initially identify and filter out genes with mutation calls likely to be a result of sequencing or mapping artifacts. Variants observed in any young control at 43% VAF were automatically removed. The CMML and young control samples were randomized and simultaneously sequenced on the Haloplex platform.
Comparison of ARCH rates in CMML and other cohorts
Two other studies have published age incidence data in their reports of ARCH gene mutations. 16, 17 McKerrell et al. 17 investigated only a few hotspot mutations, but at high depth, whereas the data of Xie et al. 16 were derived from WES at lower depth. Comparison of hotspot mutation rates between these two data sets showed considerable differences, indicating the benefit of higher depth for assessing ARCH rates. Our targeted probe of entire genes (as opposed to just hotspot locations) at higher depth is more akin to a combination of these two approaches. Hence, for comparison we estimated the proportion of hotspot mutations reported by McKerrell et al. 17 as a proportion of all mutations detected by Xie et al. 16 and then used that to estimate the overall ARCH rate McKerrell et al. 17 may have detected if probing the entire gene at high depth (Supplementary  Table S2 ). mRNA expression Total RNA isolated from CD14 + and CD34 + cells using RNA Easy Kit (Qiagen) from 12 newly diagnosed untreated CMML patients was converted to single-stranded cDNA using High Capacity cDNA Reverse Transcription Kit (Life Technologies, Carlsbad, CA, USA) as recommended by the manufacturer. Multiplex pre-amplification of 38 specific cDNA targets (Supplementary Table S3 ) was performed to increase the quantity of the desired targets for gene expression analysis using TaqMan PreAmp Master Mix (Life Technologies) as recommended by the manufacturer. The product of the pre-amplified reaction was diluted fivefold before gene expression analysis. Quantitative PCR analysis was performed with duplicates using Taqman fast Advanced Master Mix (Life Technologies) in 384-well plates using QuantStudio 12K Flex Real-Time PCR System (Life Technologies). Gene expression of GUSB, ABL1 and GAPDH was compared in all samples and found to be highly correlated; GUSB was selected as the control gene for all experiments. Data were analyzed using QuantStudio 12K Flex software. mRNA expression for each gene was normalized relative to GUSB expression and expressed as 2 Multi-hit mutation modeling
Computational models were used to estimate the predicted incidence rate versus age for a constant mutation accrual hypothesis (Supplementary Table S4 ). Such models assumed that all individuals in a population acquire somatic alterations at an average rate over the course of their life; those acquiring mutations in the required number of genes progress to the disease. Hence, we assumed the stochastic model:
where α represents the average mutation rate, N represents the initial population size, S (i,j) represents the number of persons in year i not having had a total of j mutations and I (i,j) represents the number of persons in year i having their jth mutation in that year. By calculating the relative incidence rate to that of a particular age (in our case 80 years), these rates become approximately independent of the actual mutation rate for assessing age-incidence patterns and proportions (hence, we did not need to estimate the average mutation rate of crucial CMML genes, which could be different from the overall genome-wide mutation rate in humans). Combined US and Canadian CMML incidence rates from 2005 to 2011 (CINA) were similarly adjusted to their observed rate at 80 years for comparison.
Survival analyses
Survival data were available for 48 patients for whom sequencing was also performed and was successful. An expanded cohort for univariate survival analyses of clinical variables only consisted of 91 persons and incorporated all of the aforementioned individuals. Correlation of clinical variables/ mutations with survival were established using log-rank tests and Cox proportional hazards regression. Several clinical/mutational presence variables were moderately to highly correlated with each other (Supplementary Table S5 ).
Order of mutation estimation
Estimation of the order of mutation was based on SureSelect XT2 VAF with frequencies 40.5 assumed to come from regions of loss of heterozygosity (similar overall results obtained with threshold of 0.6). The highest final frequency was used when multiple tumor mutations for a gene occurred. Normalized order of mutation appearance in each person was calculated as mutation rankÀ1 total mutationsÀ1 , allowing all multiple hits for genes in a person to count toward that total.
Statistical analyses and plots
Coverage estimates of each platform/cohort are the median of the average read depth of the targeted exonic regions for the respective samples. Estimated logit models were used for odds ratio calculations with 0.5 added to all cells containing no observations. Distribution comparisons were made with an exact two-sided Wilcoxon's test. Logistic regression was used for testing age association with gene mutation status. Multiple comparison tests on mutation differences by gene were adjusted for by the method of Bonferroni. All statistical analyses were performed in SAS version 9.3 (SAS Institute, Cary, NC, USA). Survival plots were generated in Prism version 6.04 (GraphPad Software, La Jolla, CA, USA). cohort, Supplementary Table S6), to identify potential CMMLrelated genes for high-depth sequencing in a validation cohort. To minimize false negatives we used liberal criteria to call potential somatic variants (Supplementary Table S7 ). For validation we selected 215 discovery cohort genes, using recurrence in ⩾ 2 samples as the key criterion (see Materials and Methods). An additional 61 genes were selected based on associations with myeloid malignancies reported in COSMIC, HGMD or OMIM (Supplementary Table S8 ). Samples from a validation cohort of 80 CMML patients and 28 non-leukemic younger controls (o 45 years) were sequenced at high depth for the exons of these 276 genes. Initial sequencing was performed using Haloplex enrichment (1134× average coverage, which for this enrichment technology only uses duplicate reads). Secondary, orthogonal validation sequencing of CMML samples was performed with SureSelect XT2 enrichment (368× average coverage) again targeting all 276 genes. For quality assessment, calling fidelity was determined for known polymorphic alleles and only high-quality samples (69 out of the initial 80 CMML (median age 69 years, outlier with age 36 years, range of remainder 52-93 years) and 22 out of the initial 28 normal controls (median age 34 years, range 22-43 years)) were included in subsequent analyses (Supplementary Figure S1) . High stringency was applied to mutation calling in the validation cohort. Positive calls were required to have orthogonal confirmation across platforms and high sequencing depth (20× mandatory minimum depth on both platforms for variant calls), and the absence from simultaneously run young controls and three population databases (1000 Genomes (all), ESP6500 and UCSC database) at 40.1% frequency. Ninety-eight percent of the 507 total variants orthogonally called had ⩾ 10 variant reads. Synonymous and non-exonic mutations were excluded, except splice site mutations. Variants meeting these criteria were detected in 166 genes (Supplementary  Tables S9 and S10 ). Fifty-two representative mutations (10.3%) were sequenced a third time (Sanger), with 100% confirmation rate (Supplementary Table S11), demonstrating the high confidence achievable using the orthogonal sequencing approach.
RESULTS
WES was performed on leukemia (78× coverage) and constitutional (85× coverage) DNA from 21 CMML patients (discovery
We identified 13 genes with mutations in ⩾ 10% of CMML patients (SRSF2, TET2, ASXL1, RUNX1, SETBP1, KRAS, EZH2, CBL, FAT4, ARIH1, DNAH2, CSMD1 and NRAS) and 30 genes with mutations in ⩾ 5% (Figure 1a and Supplementary Table S9 ). SRSF2 (52%), TET2 (52%) and ASXL1 (36%) were most frequently mutated. Of the 69 patients represented in this analysis, 67 (97%) had ⩾ 1 mutation in the 13 genes mutated at ⩾ 10% prevalence. Mutations in FAT4, ARIH1, DNAH2 and CSMD1 have not previously been reported in CMML. Of the genes with 5-10% mutation prevalence, PTCH1, CDH23, BCR, CBFA2T3, TRPM1, DNAH7, VCAN, IRS1, PCDHB1, MAML2 and WNK2 have not previously been associated with CMML. As a first step in functionally implicating candidates in CMML pathogenesis, we measured mRNA expression for the 30 most prevalently mutated genes in 12 additional CMML samples. FAT4, ARIH1, CDH23, BCR, CBFA2T3, VCAN, IRS1, PCDHB1, WNK2 and MAML2 were expressed in CD34 + or CD14 + cells, or both, whereas expression of DNAH2, CSMD1, PTCH1, TRPM1 and DNAH7 was very low or absent from both cell types (Figures 1b and c) , suggesting that mutations in these genes are less likely to be involved in CMML pathogenesis or exert their effects at the level of more primitive cells.
Several clinical variables have been previously associated with overall survival (OS) in CMML, although specific variables and cutoff values differ between studies 1, 8, 31, 32 (Supplementary  Table S1 ). In univariate analysis of an expanded cohort, low hemoglobin and high white blood cell count were associated with shorter OS, whereas therapy with the hypomethylating agents 5-azacytidine or decitabine increased OS by 2.5 years (P = 0.0057; Supplementary Table S12). ASXL1, EZH2 and NRAS mutations were associated with shorter OS (Supplementary Figure S2) . Many patients (52%) had ⩾ 7 mutations (Figures 2a and c) , which (N = 69) . Black, nonsense mutation; red, frameshift indel; blue, nonsynonymous mutation; purple, splice-site mutation; orange, nonframeshift indel. correlated with shorter OS (0.6 versus 2.9 years, P = 0.0001; Figure 2b and Supplementary Table S12). Exploratory multivariate analysis identified two predictive models: (1) mutation count (total mutations ⩾ 7) (hazard ratio = 4.36, P = 0.0006) plus hypomethylating agent treatment (hazard ratio = 0.43, P = 0.0380; no significant interaction) and (2) NRAS mutation (hazard ratio = 4.53, P = 0.0046) plus hypomethylating agent therapy (hazard ratio = 0.39, P = 0.0220; no significant interaction; Supplementary Figure S2 and Supplementary Tables S5 and S13) .
Many ARCH genes identified in recent studies are identical to those previously associated with CMML, including SRSF2, TET2, ASXL1, TP53, JAK2, CBL and DNMT3A, [16] [17] [18] [19] suggesting a relationship between ARCH and clinical CMML. Using published data 16, 17 we compared the age-adjusted prevalence of ARCH mutations with their prevalence in our CMML cohort. DNMT3A mutation frequency in CMML patients (5.8%) was almost identical to that in non-leukemic individuals of a similar age (5.1%), arguing that DNMT3A mutations are permissive to CMML. In contrast, mutations in JAK2, SRSF2, TET2, ASXL1 and TP53 were much higher in CMML compared with other cohorts. For instance, the frequency of JAK2 V617F was 7.25% in our CMML cohort compared with 0.47-1.04% in non-leukemic cohorts (Supplementary Tables   S2 and S9 ), suggesting mutations in these genes can support clonal expansion and lead to clinical CMML, but require a conducive genetic context. In agreement with this, 71% of CMML patients had mutations in ⩾ 2 of 11 reported ARCH genes (DNMT3A, ASXL1, TET2, JAK2, SRSF2, TP53, CBL, U2AF1, IDH2, PPM1D and STAT3; Figure 2d ), whereas only 4.9% of 11 845 individuals unselected for cancer (and o 15% of those aged 465 years) reported by Genovese et al. 18 had mutations in ⩾ 2 ARCH genes. This suggests that realization of the CMML phenotype requires successive acquisition of multiple mutations, many of which are ARCH mutations.
We next modeled CMML onset, assuming that the clinical CMML phenotype requires a sufficient number of somatic mutations. We performed computational simulations to determine expected disease incidence rates by age under various models, 33 for total average stochastic mutations necessary for CMML onset, and compared these predictions with observed incidence by age in the United States and Canada (CINA data 2005-2011). We assumed a simple average de novo mutation rate over time, and that individuals with the necessary number of mutations progress to CMML. We found remarkable similarity between reported relative incidence rates and our multi-hit stochastic models predicting that 6-10 somatic alterations are necessary for CMML onset (Figures 3a and b and Supplementary Table S4 ). Although CMML is twofold more common in men than in women, the incidence over age groups increased at nearly the same rate across genders. Jaiswal et al. 19 reported a significantly higher ARCH mutation rate in men compared with women from age 60 years onward. Similarly, we found on average 0.85 more mutations in men, although this difference did not reach statistical significance (P = 0.29), possibly reflecting insufficient power. Two recent studies reported that the incidence of multiple ARCH mutations increases with age. 16, 18 In contrast, total mutation count at CMML diagnosis was not age-associated in our cohort (Figure 3c ), suggesting that although CMML incidence increases with age, the number of mutations required for onset does not.
We next assessed total mutation count according to the presence or absence of mutations in a given gene. Patients with a mutation in ASXL1, EZH2 or SETBP1 had on average three additional mutations compared with patients without a mutation in the respective gene (Supplementary Table S14 ). This may be explained if mutations in any of these genes increased genomic instability, promoting acquisition of additional mutations. Alternatively, there could be a requirement for a cooperating mutation to achieve a functional result. Consistent with this, ASXL1 mutations were associated with SETBP1 or EZH2 mutations (P o 0.05; Figure 4a ). As both ASXL1 and EZH2 are members of the polycomb repressive complex 2, mutations in both may cooperate to inactivate polycomb repressive complex 2. 34, 35 Similarly, ASXL1 and SETBP1 mutations cooperate to suppress myeloid differentiation. 36 On the basis of this cooperativity assumption we reasoned that mutations in ASXL1, SETBP1 and EZH2 should on average occur relatively late during CMML pathogenesis. To model this we ranked the mutations in each patient based on mutant allele proportion as a surrogate for chronological order of acquisition similar to estimation methods used by others. [37] [38] [39] Consistent with cooperativity, mutations in EZH2, ASXL1 and SETBP1 tended to be acquired later than the majority of other mutations in a given patient based on VAF modeling (Figure 4b and Supplementary Table S15). As copy number aberrations and VAF imprecisions could alter the sequential ordering, more work through single-cell analysis and/or serial samples will be needed to definitively state the sequence of mutation acquisition in CMML.
DISCUSSION
The hematopoietic system in older individuals is characterized by reduced overall marrow cellularity, but a relative increase in hematopoietic stem cells (HSC), which are more likely to be cycling and biased toward myelomonocytic at the expense of lymphoid differentiation. 20 Gene expression profiling of HSCs from normal controls revealed an age-related increase in expression of genes associated with granulocyte-macrophage colonystimulating factor signaling and myeloid leukemia. 20 Murine studies suggest that the myelomonocytic bias of aged hematopoiesis may reflect selection of clones with innate myeloid lineage bias rather than population-wide skewing. [40] [41] [42] Aging-associated changes in extrinsic factors such as increased inflammatory cytokines and altered bone marrow stroma function may expose HSCs to selective pressures favoring clonal selection. 43, 44 In this frame of thinking, ARCH mutations are adaptive events that endow a subset of aged HSCs with a growth advantage over their age-compromised competitors, whereas ARCH-mutant clones would not be competitive against young HSCs. Our data suggest that random stochastic events occurring with aging are crucial to CMML pathogenesis and explain its age bias. Although cooperative effects are possible, as demonstrated by ASXL1 and EZH2 or SETBP1 mutations, they are not the main process.
Notably, neither the number (Figure 3c ) nor the types of CMML mutations (Supplementary Table S16 ) are age dependent, suggesting that age has an impact on CMML incidence, but not on biology. Assessment of ARCH genes to date has been restricted to COSMIC mutations, with limited read depth, except for a few genes, suggesting that additional ARCH genes may be discovered that may overlap with other genes mutated in our CMML cohort. As multi-hit mutation modeling matches remarkably well with observed total mutation counts and age-specific incidence, we propose that CMML arises through successive acquisition of mostly age-related somatic mutations that ultimately convert a myelomonocytic bias into overt leukemia.
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